It has been reported that interleukin (IL)-1 b induces the synthesis of both nitric oxide (NO) and prostaglandin (PG)E 2 in cultures of dispersed ovarian cells and exerts cytotoxic effects on these cells. Since PGE 2 , NO and IL-1 b have been implicated as modulators of steroidogenesis, experiments have been undertaken to determine how IL-1 b -induced NO and PGE 2 production may affect steroidogenesis in cultures of ovarian dispersates obtained from untreated adult oestrous rats and to compare the action of IL-1 b in cultures of granulosa/luteal (GL) cell-only cultures and GL cells co-cultured with peritoneal macrophages.
Introduction
When recombinant cytokines became available numerous studies investigated the effects of these immune modulators, particularly interleukin (IL)-1 b and tumour necrosis (TNF)-a, on steroidogenesis in cultured granulosa and/or thecal cells. While the majority of studies reported inhibitory effects (1-3) others reported stimulation (4, 5) and some no effects at all (6, 7) . The use of different animals and different experimental models may have been partially responsible for such discrepancies. Subsequently, two papers reported that IL-1 b stimulated the release of both nitric oxide (NO) as measured by nitrite and/or nitrate accumulation and prostaglandin (PG)E 2 from rat ovarian dispersates and that IL-1 b exerted cytotoxic effects on these cells (8, 9) . However, Ellman et al. (8) reported that this effect was mediated by NO while Ben-Shlomo et al. (9) concluded that these cytotoxic effects were independent of NO. In these studies there were no reported effects of IL-1 b on the steroidogenic capacity of these cultures. In contrast, Chun et al. (10) reported that IL-1 b suppressed apoptosis in rat ovarian follicles.
We have been interested in the potential role of macrophages in ovarian function since there are both resident and infiltrating macrophages within this gland and the number of macrophages varies throughout the ovarian cycle (11) . Macrophages co-cultured with rat granulosa cells obtained from adult, untreated rats exert powerful dose-(cell-number) dependent inhibitory effects on progesterone synthesis (7) and at the same time release high concentrations of nitrite (12) and the cytokines IL-1 b and TNF-a (13) . In subsequent experiments we showed that NO, whether derived from NO donors or macrophages, inhibits both progesterone synthesis and morphological luteinization of granulosa/ luteal (GL) cells although there was no evidence that NO induced cytotoxic effects on these cells (13) .
In an attempt to delineate the effects of IL-1 b on steroidogenesis and whether or not the effects of this cytokine are mediated by NO and/or PGE 2 we have undertaken a simple series of experiments with the following objectives: (a) to compare the effects of IL-1 b on steroidogenesis, NO and PGE 2 synthesis and cell viability in ovarian dispersates, GL cells and GL cells co-cultured with peritoneal macrophages, (b) to determine the steroidogenic effects of NO and PGE 2 in ovarian dispersates, and (c) to investigate the effects of blocking NO production and/or PGE 2 production on steroidogenesis in ovarian dispersates.
Materials and methods

Animals, hormones and drugs
Female Porton Wistar rats weighing 200-250 g were housed under controlled lighting (lights on 0600-1800 h) and temperature (20 ЊC) and had free access to food and water. After at least two consecutive 4-day ovarian cycles, as determined by daily vaginal smears, rats were used for experimentation and ovarian cells, GL cells and peritoneal macrophages were obtained between 0830 h and 0930 h on the day of oestrus. IL-1 b (Lot No 044H03161), PGE 2 , sodium nitroprusside (SNP), aminoguanidine (AG), indomethacin and forskolin were all obtained from Sigma (Poole, Dorset, UK).
Ovarian dispersates, GL cells and peritoneal macrophages: culture methods
Ovaries from two or three untreated adult oestrous rats were dissected into small fragments and the tissue was incubated in culture medium containing 2 mg/ml collagenase, 10 mg/ml BSA and 10 mg/ml DNase (all from Sigma) for 40 min in a shaking water bath at 37 ЊC. The cellular suspension was then passed through 19, 23 and 25 gauge syringe needles and recovered by centrifugation. After two washes and further passages through a syringe needle, cells were cultured in McCoy's 5A medium containing 25 mM Hepes, 2 mM glutamate, 0.1% w/v BSA (all from Sigma), 100 U/ml penicillin and 100 mg/ml streptomycin sulphate (Life Sciences, Paisley, Scotland). They were plated out in 0.5 ml aliquots at a concentration of 3 × 10 5 cells/ml and cultured for 24 h with culture medium containing 5% fetal calf serum (FCS) (Life Sciences). Fresh serum-free medium was replaced after this time, appropriate drugs added in 5 ml aliquots and cells cultured for a further 48 h before samples were taken for analysis.
The methods for GL cell cultures have already been described in detail (7, 12) . Briefly, ovaries from three or four oestrous rats were teased apart in ice cold saline and freshly ruptured follicles were dissected. Follicles were ruptured in culture medium containing collagenase, BSA and DNase (as described above) and the GL cells were incubated for 15 min to aid their dispersion. From this point culture methods were identical to those described for cultures of ovarian dispersates.
Macrophages were obtained from saline washings of the peritoneal cavity and isolated by their ability to adhere to the base of the culture wells during a 2 h incubation in medium containing 5% FCS. This technique for separating peritoneal macrophages of >95% purity has previously been described and validated (7) . After 2 h and two washes, 0.5 ml GL cell suspension (3 × 10 5 cells/ml) was added to approximately 10 5 adherent macrophages and cultured as for GL cell-only cultures. All co-culture experiments were paired with GL cell-only cultures for direct comparisons and all experiments ran appropriate paired controls so that variability in basal secretory rates between experiments could be accounted for when comparing with experimental groups. Nomarski optics were used to assess the morphology of cells and subsequently an assessment of cell viability was made.
Cell viability
This was measured by the Trypan Blue dye exclusion test as determined by microscopy, or quantitatively by the ability of cells to convert 3-(4,5-dimethylthrazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; 0.5 mg/ml) into formazan during a 4 h incubation at 37 ЊC. The resulting blue precipitate, an index of cellular dehydrogenases, was dissolved in 20% SDS w/v in 0.02 mol/l HCl and samples were read on an Anthos 2001 scanning microplate reader at a wavelength of 570 nm and a reference wavelength of 630 nm.
Nitrite, progesterone and prostaglandin assays
The accumulation of nitrite in the medium was measured by Griess reaction as described in detail previously (12) . Progesterone concentrations in the media were measured by direct RIA (ICN Biomedicals, Thame, Oxfordshire, UK) which has been validated for measuring the steroid in both plasma and culture medium. Cross reactivity of the antiserum with 17a-hydroxyprogesterone and pregnenolone was 2% and 0.3% respectively, the sensitivity of the assay was 0.2 nmol/l and inter-assay variation was 7%. PGE 2 concentrations in the media were also measured by direct RIA (Amersham International plc, Amersham, UK). Cross reactivity of the antiserum with PGF 2a was < 0.001%, and the sensitivity of the assay was < 0.8 pg/ tube.
Statistical analysis
Data points represent meanϮS.E.M. of triplicate cultures obtained from at least three independent experiments. Statistical significance between two groups was determined with a Student's t-test, but when more than two groups were being compared an analysis of variance followed by Gabriel's test was used. The latter test is suitable for groups of unequal size.
Results
A dose of 20 ng/ml IL-1 b significantly (P < 0.01) stimulated the production of PGE 2 from cultures of ovarian dispersates, but in the absence of this cytokine no PGE 2 production was detected in these cultures. GL cell cultures did not produce any detectable PGE 2 , with or without IL-1 b , and in the co-cultures PGE 2 production was measured in both controls and in the presence of IL-1 b with no significant rise induced by IL-1 b (Fig. 1) . A second consistent and significant observation was the IL-1 b -induced increase in nitrite concentration measured in cultures of ovarian dispersates. This was not seen in either co-cultures, which produce high concentrations of nitrites, or in GL cells whose low nitrite production was unaffected by IL-1 b (Fig. 1 ). Based on our previous experiments (7) and other reports (8, 14) 20 ng/ml IL-1 b is considered to be a maximal dose of this cytokine and thus used throughout the experiments.
The effects of IL-1 b on progesterone synthesis in cultures of ovarian dispersates, GL cells co-cultured with peritoneal macrophages and GL cells only are shown in Fig. 2 . Basal progesterone production in the absence of IL-1 b was typically low in ovarian dispersates and high in GL cells from oestrous rats. The marked inhibitory effects of co-cultured peritoneal macrophages on progesterone production in GL cells have been reported previously (7) . The action of IL-1 b on basal progesterone production in the different culture models is, at best, marginal and while the overall trend is inhibitory, in some of the five individual experiments carried out for each of the three groups no effect was observed.
Measurement of cellular dehydrogenases showed that IL-1 b had no significant cytotoxic effects during the 48 h period of culture (Table 1) requires the construction of standard curves based on triplicate cultures containing a wide range of cell densities, a procedure not undertaken in these experiments.
In the presence of the NO donor, SNP, progesterone synthesis in cultures of ovarian dispersates was dosedependently inhibited and was inversely related to the concentrations of nitrites measured in the culture medium (Fig. 3) . Similar effects were also seen with the same doses of another NO donor, S-nitroso-penicillamine (results not shown). In contrast 5 mM PGE 2 , which we determined to be the maximal stimulating dose of this drug, consistently stimulated progesterone production in these cultures when compared with their paired controls of each individual experiment (Fig. 3) . Similar stimulatory effects of PGE 2 were seen in GL cell-only cultures (Fig. 4) . Neither SNP nor PGE 2 had any effect on cellular viability as determined by the MTT assay or the Trypan Blue exclusion test (results not shown) but in the presence of 10 ¹3 M SNP optical density was consistently reduced (0.181Ϯ0.057 vs control 0.209Ϯ 0.004), although results did not reach statistical significance.
Since IL-1 b induces both NO and PG synthesis in ovarian dispersates we investigated the effects of simultaneously increasing NO and PGE 2 in the culture medium. However, since progesterone production is typically low in ovarian dispersates compared with that measured in GL cells, the dispersates proved to be a poor model for investigating the summed effects of NO inhibition and PG stimulation. Thus the action of PGE 2 in the presence of 10 ¹4 and 10 ¹3 M SNP were investigated in GL cells. The NO donor inhibited basal progesterone production in a dose-dependent manner but only the highest dose of SNP had any significant effect on PGE 2 -stimulated progesterone synthesis (Fig. 4) .
In converse, we investigated the effects of blocking IL-1 b -induced NO production and PG production in ovarian dispersates with AG and indomethacin respectively (Fig. 5) . No significant effects were observed with either of these synthesis inhibitors although it was noted that indomethacin consistently produced a small steroidogenic response as did PGE 2 . We have also found that this PG synthesis inhibitor stimulates progesterone production in GL cells and co-cultures (results not shown). However, when both inhibitors were added simultaneously to the cultures in the presence of IL-1 b there was a significant increase (P < 0.02) in progesterone synthesis compared with that measured in the presence of IL-1 b only (Fig. 5) . Medium recovered from cultures treated with both IL-1 b and indomethacin had no detectable concentrations of PGE 2 .
Finally, experiments showed that IL-1 b significantly (P < 0.001) inhibited forskolin-stimulated progesterone production in ovarian dispersates (Fig. 6 ). This effect was not observed in GL cell cultures in which the forskolin response is unaffected by IL-1 b nor in co-cultures in which the forskolin response is always inhibited irrespective of IL-1 b being present in the culture medium (Fig. 6) . IL-1 b also inhibited PGE 2 -induced progesterone production in ovarian dispersates with the mean concentration reduced to 1.74Ϯ0.58 nmol/l compared with 7.58Ϯ0.47 measured in controls. ¹4 M SNP respectively (Student's t-test). Different letters denote statistical significance (P < 0.01) between progesterone production (a, b) and nitrite production (x, y) with Gabriel's multicomparison test.
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Discussion
IL-1 b had no significant steroidogenic effects in either GL cells, GL cells co-cultured with peritoneal macrophages or ovarian dispersates, although it stimulated both NO and PG synthesis in cultures of ovarian dispersates. This effect was not seen in cultures of GL cells or in co-cultures. The latter result would be predicted since we have shown that these co-cultured macrophages produce high concentrations of bioactive IL-1 b (13) and nitrites (30-50 mM, 12). The present experiments also show that the peritoneal macrophages produce PGE 2 . In contrast, nitrite and PGE 2 production are negligible or undetectable in GL cellonly cultures and, unlike ovarian dispersates, are not stimulated by IL-1 b . While GL cells may be an important source of PGE 2 , recent experiments have shown that PGE 2 and cyclo-oxygenase-2 (COX-2) are only induced by gonadotrophin or forskolin stimulation (15) , supporting earlier work that PGE 2 is only produced in granulosa cells after luteinizing hormone (LH) stimulation (16) .
The finding that IL-1 b did not increase nitrite production in GL cells agrees with the observations of Ben-Shlomo et al. (14) who showed that the cytokine only induced significant nitrite accumulation in cultures of ovarian cells and in granulosa cells cultured with thecal cells. GL cells or thecal cells cultured on their own did not produce significant concentrations of nitrites in the presence of IL-1 b , suggesting that some cell-cell interaction is required for the induction of inducible NO synthase (iNOS).
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IL-1 b , nitric oxide, prostaglandins and steroidogenesis 297 Figure 4 Interactions between NO and PGE 2 on progesterone production from GL cells obtained from freshly ruptured follicles. GL cells were cultured for a period of 48 h in the presence of 5 × 10 ¹6 M PGE 2 only or PGE 2 plus 10 ¹4 M or 10 ¹3 M SNP. Data represent meanϮS.E.M. from triplicate cultures of three individual experiments and different letters denote statistical significance according to Gabriel's multi-comparison test. Basal progesterone production and nitrite accumulation (Con) were compared with that measured in the presence of different doses of SNP (a, b, c and u, v, w respectively, P < 0.001) as were the results obtained with the presence of 5 mM PGE 2 (for progesterone d vs e, P < 0.001 and for nitrites x, y, z, P < 0.01). *P < 0.02 compared with the corresponding control value (Student's t-test). Our previous experiments have shown that NO, whether derived from co-cultured macrophages or NO donors, exert powerful inhibitory effects on steroidogenesis in granulosa cells (17) . A similar NO-induced inhibition of steroidogenesis has been reported in human granulosa cells (l8). However, significant inhibition of steroidogenesis in GL cells is only observed when nitrite accumulation is above 10-15 mM which could explain why the modest increase in nitrite accumulation induced by IL-1 b in ovarian dispersates did not significantly decrease progesterone secretion in these cultures (see Fig. 1 ). In addition progesterone production is typically low in these cultures of mixed ovarian cells compared with purified GL cells and thus differences are less likely to be significant. In contrast, NO donors, which produce relatively high concentrations of nitrites compared with those measured in the presence of IL-1 b (see Figs 1 and 3) , did significantly reduce steroid synthesis in ovarian dispersates confirming our previous studies on granulosa cells (17) .
The question remains as to what cell types are producing NO in response to IL-1 b . It is unlikely to be the GL cells because IL-1 b did not induce an increased nitrite accumulation in these cultures. One possibility is the resident and infiltrating ovarian macrophages (11) since they can be activated by IL-1 b and also produce NO upon activation (19) . However, other cell types (leucocytes/ovarian cells) cannot be excluded.
In these studies we found no evidence that IL-1 b exerted any cytotoxic effects on ovarian cells. While this would appear to contradict the evidence presented by Ellman et al. (8) and Ben-Shlomo et al. (9) , their studies on cytotoxicity of IL-1 b were carried out after 96 h of culture compared with the present experiments which were carried out after 48 h culture in the presence of IL-1 b . Indeed, Ellman et al. (8) showed no cytotoxic effects of IL-1 b after 48 h; only after a period of 72 h. In the study by Chun et al. (10) , which demonstrated a protective effect of IL-1 b on apoptosis, the follicles were only incubated with IL-1 b for a period of 24 h before investigating apoptosis. These studies also showed that after 48 h culture IL-1 b increased cell viability in ovarian dispersates which could also be explained by a protective effect of this cytokine on apoptosis/necrosis. Thus it would appear that the cytotoxic/survival effects of IL-1 b on ovarian cells are time dependent. In this respect one should consider the 4-day length of the rat oestrous cycle.
In our previous studies (17) we showed that high concentrations of NO donors did exert some cytotoxic effects on GL cells although macrophages, which also produce high concentrations of NO, do not appear to exert cytotoxic effects (7). However, if NO does inhibit the NAD + -dependent 3 b -hydroxysteroid dehydrogenase, which converts pregnenolone to progesterone, this would decrease NADH, decrease the reduction of MTT and thus give a false value in the viability test.
It is now well recognized that inflammatory mediators such as IL-1 b and lipopolysaccharide can provoke the expression of both iNOS and inducible COX-2 (20, 21) and some studies show that NO stimulates the activity of COX-2. However, other studies report an inhibitory action of NO on COX activity (see 22) . The present studies show that IL-1 b increases both NO and PGE 2 production in ovarian dispersates (Figs 1 and 2 ) and data from one experiment showed that inhibition of iNOS with AG had not effect on IL-1 b -induced PGE 2 production, suggesting that in this system low levels of NO may not inhibit COX-2 activity. There was no detectable PGE 2 measured in the culture medium of GL cells only with or without IL-1 b . This agrees with previous reports that the induction of COX-2 and PGE 2 production is only induced in preovulatory follicles under the influence of gonadotrophins and forskolin but not IL-1 b (15). Since GL cells did not produce PGE 2 , the measurable concentrations of PGE 2 in co-cultures with or without the addition of IL-1 b suggest that the source of this arachidonic metabolite is from the macrophages. Indeed, peritoneal macrophages produce the inflammatory mediator, PGE 2 , and both COX-1 (constitutive COX) and COX-2 are expressed in activated macrophages (23) .
A precise role of PGE 2 in ovarian physiology remains somewhat elusive (16) , although there is evidence of an increased production of this prostaglandin during the periovulatory period in rats and that PGE 2 may be a mediator in the ovulatory process (24) . PGE 2 has been shown to stimulate progesterone production in luteal cells of rats (25) . The present studies support the evidence for a stimulatory action of PGE 2 on progesterone synthesis in GL cells and further show that high concentrations of NO induced by an NO donor inhibit the stimulatory effect. However, this inhibitory effect is only seen when the concentrations of nitrite are approximately 10 times higher than those induced by IL-1 b in cultures of ovarian dispersates (Figs 1, 4) .
Paradoxically, inhibition of PG synthesis also stimulated progesterone production and this was consistently observed in GL cells, co-cultures and ovarian dispersates suggesting that other metabolites of arachidonic acid (e.g. PGF 2a ) may also play a modulatory role in steroidogenesis. Thus inhibiting interleukin-induced synthesis of both NO and PGs produced a significant stimulation of progesterone synthesis whereas inhibition of either NO or PG production induced a small, but insignificant, rise in progesterone secretion.
There was a consistent and significant inhibition of both forskolin-and PGE 2 -stimulated progesterone secretion by IL-1 b in ovarian dispersates which was particularly marked with forskolin -a very potent stimulator of steroidogenesis. A similar inhibition of forskolin activity has also been observed in co-cultures where macrophages produce high concentrations of IL-1 b (7) while IL-1 b has no effect on forskolin-induced progesterone release in GL cell-only cultures. Together these results suggest that IL-1 b is acting indirectly (via other ovarian cell types) on signal transduction pathways that stimulate steroidogenesis and thus the effects of IL-1 b on basal steroidogenic activity in cultured ovarian and GL cells is, at best, minimal. Experiments are currently underway to determine at what point in the signal transduction pathway IL-1 b may be exerting its effects.
In conclusion, experiments have confirmed previous reports that IL-1 b can induce the synthesis of both NO and PGE 2 in cultures of ovarian dispersates but that during a relatively short culture period (i.e. 48 h) it does not exert cytotoxic effects on these cells. Under basal conditions IL-1 b has little effect on steroidogenesis but it does exert inhibitory effects under stimulated conditions.
